suggests mediation via ERs in the plasma membrane, not the nucleus. Notably, both ovarian and spinally synthesized estrogens are essential for membrane ER regulation of spinal EM2 release. Conclusion: These findings underscore the importance of estrogens for the regulation of spinal EM2 activity and, by extension, endogenous spinal EM2 antinociception in females. Components of the spinal estrogenic mechanism(s) that suppress EM2 release could represent novel drug targets for improving utilization of endogenous spinal EM2, and thereby pain management in women.
females [6] and over the course of the estrous cycle [7] . Furthermore, the administration of exogenous estrogens increases pain sensitivity in male rats [8] , and eliminating endogenous testosterone via gonadectomy prevents male rats from habituating to repetitive painful stimuli [9] .
Since levels of circulating 17β-estradiol (E 2 ), the predominant estrogen in adults of both sexes, differ considerably between males and females and over the course of the menstrual/estrous cycle [10] [11] [12] [13] [14] [15] , many studies have examined the relevance of endogenous estrogens (estrone, E 2 , and estriol) to sex-and cycle-dependent differences in pain behavior [for review, see 16 ] . The ovaries synthesize the vast majority of circulating estrogens, which can rapidly penetrate the blood-brain barrier to activate estrogen receptors (ERs) in the central nervous system (CNS) [17] . Additionally, estrogens are synthesized in situ by CNS neurons where they are postulated to act locally as neuromodulators and/or neurotransmitters [18, 19] .
Estrogens can exert rapid regulatory effects on antinociceptive systems via membrane ERs (mERs) [20] . For instance, E 2 inhibits ATP-induced (pronociceptive) calcium currents in dorsal root ganglion (DRG) neurons [21] and augments the dimerization of spinal mu-opioid receptor (MOR) with kappa-opioid receptor (KOR) in females [22] , both via mERs. Notably, the nongenomic effects of activating mERs are observed within the same time frame as those of G protein-coupled receptors (seconds to minutes) -much more rapidly than the time required for the effects of activating nuclear ERs to be manifest. At least three subtypes of mER have been identified: mERα and mERβ, derived from the translocation of their nuclear counterparts, and GPR30 (aka GPER), which is purported to be G protein-coupled [23, 24] . mERs can partner with metabotropic glutamate receptors (mGluRs) [25] [26] [27] and can utilize virtually all established membrane-initiated signaling cascades [for review, see 28 ] .
Endomorphin 1 (Tyr-Pro-Trp-Phe-NH 2 ) and endomorphin 2 (Tyr-Pro-Phe-Phe-NH 2 ; EM1 and EM2, respectively) are endogenous opioids with much higher selectivities and affinities for MOR than for KOR or delta-opioid receptor [29, 30] . Intracerebroventricular or intrathecal application of EM1 or EM2 generates strong MOR-mediated analgesia [31, 32] . EM2 is the predominant EM expressed in the spinal cord [33] , and utilization of the spinal MOR/EM2 system is sexually dimorphic: MOR activation produces greater antinociception in males than females [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , and basal/K + -evoked EM2 release is greater from spinal tissue of male than female rats [44] .
The functional state of the MOR/EM2 system fluctuates naturally over the course of the estrous cycle. Our laboratory recently demonstrated that spinal EM2 antinociception is not only greater in male rats than diestrous female rats, but also greater in proestrous than diestrous females [45] . We therefore hypothesized that regulation of spinal EM2 release is also sex and cycle dependent. Given that peripheral estrogen levels depend upon sex and estrous stage [10] , and that estrogens regulate antinociceptive signaling via mERs [21, 22] , we further hypothesized that spinal EM2 release is regulated by estrogens via mERs. In the present study, these hypotheses were tested by comparing the effects of spinal ER blockade on spinal EM2 release among male and female rats at different stages of the estrous cycle. Results revealed sexually dimorphic and estrous cycle-dependent suppression of EM2 release derived from both peripheral and central estrogens. The female-specific suppression of EM2 release suggests that females cannot utilize spinal MOR/EM2 antinociceptive signaling as effectively as males, possibly contributing to women's increased vulnerability to chronic pain syndromes.
Materials and Methods

Animals
We employed Sprague-Dawley rats (Charles River Laboratories, Kingston, N.Y., USA; 250-300 g), which were maintained on a 12-hour light/dark cycle with food and water available ad libitum. All experimental procedures were reviewed and approved by our Institutional Animal Care and Use Committee.
Determination of Stage of Estrous Cycle
We determined estrous cycle stage via histology of vaginal smears. A predominance of round nucleated cells, large nonnucleated cells, or small leukocytes indicated proestrus, estrus, or diestrus, respectively. Rats were used in the early part of proestrus, when E 2 levels are highest [10, 14, 15] , and on day 2 of diestrus, which lasts for 3 days, to avoid overlap with adjacent stages.
Ovariectomy
To assess the activational effects of ovarian estrogens on spinal EM2 release, adult female rats were ovariectomized 8 days prior to their utilization. Animals were pretreated with atropine (0.85 mg/ kg i.p.; IUX Animal Health Inc., St. Joseph, Mo., USA) and anesthetized with sodium pentobarbital (50 mg/kg i.p.; Abbott Laboratories, North Chicago, Ill., USA) before removal of the ovaries [46] . [47] . Briefly, we anesthetized animals as described above and inserted two cannulas through the atlanto-occipital membrane into the lumbar spinal subarachnoid space. The cephalic portions of the catheters were externalized through the skin on the dorsal side of the neck, immediately after which the intrathecal space was perfused (5 μl/min) with Krebs-Ringer buffer prewarmed to 37 ° C. To prevent EM2 degradation, the buffer contained protease inhibitors phenanthroline (1 m M ; Sigma-Aldrich, St. Louis, Mo., USA) and actinonin (100 μ M ; AG Scientific, San Diego, Calif., USA), and the outflow tubing was placed on ice. We equilibrated the intrathecal space with the perfusion medium for 10 min prior to collecting four 10-min perfusate samples from each animal to measure EM2 release: two before and two after intrathecal drug treatment. To inhibit spinal aromatase, we administered intrathecal fadrozole immediately after the 10-min equilibration period.
Implantation of Intrathecal Cannulas and in vivo Perfusion
Intrathecal Administration of Drugs
We delivered drugs to the subarachnoid space via the inflow intrathecal cannula over a 60-second period. Each drug was administered in 2.5-5 μl vehicle, followed by 10 μl buffer to flush the cannula . EM2 release was quantified at various intervals thereafter and compared against predrug values. ER antagonists and the glutamate receptor antagonist YM-298198 were obtained from Tocris Bioscience (Bristol, UK); the aromatase inhibitor fadrozole was from Sigma-Aldrich.
EM2 Competitive Radioimmunoassay
The content of EM2 in intrathecal perfusate was quantified using a competitive radioimmunoassay described previously [44] that employed a highly selective anti-EM2 antibody (generously supplied by Dr. James Zadina, Tulane University) and 125 I-labeled EM2 (Phoenix Pharmaceuticals, Burlingame, Calif., USA) as tracer. Nonspecific adherence to the assay tube was minimized using bovine serum albumin (0.1%; Sigma-Aldrich). We counted assay plates using a MicroBeta plate reader (Perkin Elmer, Waltham, Mass., USA) and quantified unknown values from a standard curve generated with each assay using the forecast function in Excel (Microsoft, Redmond, Wash., USA).
Membrane Preparation and Immunoprecipitation
Spinal cords from 3 proestrous rats were collected and processed individually in parallel. Each was homogenized in 5 ml buffer containing 20 m M HEPES, 5 m M EDTA, 1 m M EGTA, 2 m M DTT, 10% sucrose, and protease inhibitors aprotinin at 2 μg/ml, leupeptin at 3.2 μg/ml, phenylmethanesulfonyl fluoride at 20 μg/ ml, and cOmplete Protease Inhibitor Cocktail Tablets (Roche, Indianapolis, Ind., USA) at 1 tablet/50 ml, pH 7.4, using glass Teflon homogenizers. Following a 10-min 1,500 g centrifugation at 4 ° C, the pellet was washed in another 5 ml of homogenization buffer and subjected to a 10-min 2,500 g centrifugation at 4 ° C. The supernatants from both centrifugations were combined and subjected to 31,000 g centrifugation for 40 min at 4 ° C. The resulting membrane fraction pellet was resuspended in the homogenization buffer without sucrose and stored in aliquots at -80 ° C until needed.
For immunoprecipitation, membranes were solubilized in two volumes of solubilization buffer containing 50 m M Tris-HCl, 1 m M EDTA, 150 m M NaCl, 1% Nonidet-P40, 0.25% sodium deoxycholate, and protease inhibitors as above, pH 7.4, with agitation for 60 min at 4 ° C, centrifuged at 16,000 g for 15 min at 4 ° C, and the clear supernatants containing solubilized membrane fraction were used for Bradford Protein Assay. ERα was immunoprecipitated using 15 μl of mouse monoclonal affinity purified antibody (raised against amino acids 495-595; Santa Cruz, Dallas, Tex., USA) per 600 μg of each sample. Following a 60-min gentle agitation at 4 ° C, samples were combined with prewashed protein A agarose beads (60 μl slurry/sample; Roche) and immunoprecipitated overnight at 4 ° C. The beads were then washed using a buffer containing 25 m M Tris-HCl, 5 m M EDTA, 150 m M NaCl, 1% Triton-X-100, and protease inhibitors as above, pH 7.4. Immunoprecipitates were eluted with heat (15 min at 86 ° C) in 30 μl NuPAGE lithium dodecyl sulfate sample buffer containing 1× NuPAGE reducing agent (Invitrogen, Norwalk, Conn., USA). Samples were separated on 4-12% Bis-Tris Mini Gels (Invitrogen), electrotransferred onto nitrocellulose membrane, and Western blotted. GPR30 was visualized using a rabbit polyclonal antibody directed against an internal region of GPR30 (Santa Cruz). The antibodies used for immunoprecipitation and subsequent Western blotting were raised in different species to avoid cross-recognition by secondary antibodies. The signal was developed using SuperSignal West Dura enhanced chemiluminescence horseradish peroxidase substrate (Life Technologies, Norwalk, Conn., USA) and the chemiluminescence captured using a G:Box CCD Camera (Syngene, Cambridge, UK). Specificity of the GPR30 Western signal was verified by >80% reduction of signal when preadsorbed antibody flow-through was used. For preadsorption, the peptide that served as the antigen for generation of the primary antibody was coupled to Affi-Gel 10 slurry (Pierce, Rockford, Ill., USA), and the primary antibody preadsorbed in 1× Tris-buffered saline, pH 7.4, at room temperature for 2 h (twice) under gentle agitation. Following that incubation, the flow-through was collected and used to probe one of two identical nitrocellulose membrane strips for GPR30 immunoblotting. The other strip was immunoblotted with nonpreadsorbed anti-GPR30 antibody. Signal intensity was quantified using Genetools software (Syngene).
Data Analysis
Student's t test and one-way ANOVA were used to compare basal EM2 release between groups. One-way repeated measures ANOVA was used to determine the effect of treatment at multiple time points after intrathecal administration of drugs within each group. Tukey's test was used to identify specific time points at which significant effects were manifest. Two-way ANOVA was used to analyze interactions between stage of estrous cycle and time after treatment. Data are expressed as mean ± SEM.
Results
Basal Spinal EM2 Release
The basal rate of spinal EM2 release per 10-min period did not vary over the 90 min of intrathecal perfusion, nor did it differ between males (3.88 ± 0.18 fmol; n = 5) and naïve females (4.70 ± 0.37 fmol; n = 24, collapsed across estrous cycle stages; t 27 = 1.00; p = 0.328). Among naïve females, however, one-way ANOVA revealed a significant effect of estrous stage on basal EM2 release (F 2, 21 = 5.09; p = 0.016): EM2 release was significantly higher in estrus (6.85 ± 0.79 fmol; n = 4) than in either proestrus (4.57 ± 0.33 fmol; n = 11) or diestrus (3.90 ± 0.66 fmol; n = 9). Putative differences in basal spinal EM2 release in proestrous versus diestrous rats could have been obscured by variations in EM2 release between subjects, which may be greater than variations between proestrous and diestrous stages of the estrous cycle.
Regulation of Spinal EM2 Release by ERs Is Sexually Dimorphic and Dependent on Stage of Estrous Cycle
Initially, we determined the effects of individual antagonists for ERα, ERβ, and GPR30 (MPP, PHTPP, and G15, respectively) on spinal EM2 release in proestrous females. Based on the dose-effect relationship of these ER antagonists to alter characteristics of spinal morphine analgesia [22] , 10 nmol was selected for further study. Oneway repeated measures ANOVA revealed that the magnitude of spinal EM2 release was unaltered by intrathecal blockade of either ERα (F 2, 6 = 1.11; p = 0.389, n = 4), ERβ ( (30 min) suggests that mERs, rather than nuclear ERs, modulate spinal EM2 release. Strikingly, in contrast to proestrous females, combined ERα/GPR30 blockade failed to alter EM2 release in males (F 2, 8 = 0.14; p = 0.868, n = 5).
To assess whether changes in peripheral estrogen levels over the course of the estrous cycle influence mER regulation of EM2 release, we compared the effect of blocking spinal ERα/GPR30 on spinal EM2 release during proestrus with that observed during diestrus and estrus in females. Two-way ANOVA revealed the main effects of treatment (p < 0.001) and estrous stage (p = 0.044), as well as a significant treatment × estrous stage interaction (p < 0.001). At 30-40 min after treatment, the increase in EM2 release ( fig. 2 ) was largest in proestrus (139% above basal release), intermediate in diestrus (67%), and not detectable in estrus.
mERα and GPR30 Are Present in a Common Complex
Collaboration between mERα and GPR30 in regulating spinal EM2 release prompted us to investigate their fig. 3 , lane B) . The molecular mass of this signal is comparable to that previously reported for rat spinal GPR30, also assessed via Western blotting [51] . While the observed co-immunoprecipitation does not unequivocally indicate a direct physical association between ERα and GPR30, it does indicate that they coexist within a common complex.
Enhancement of Spinal EM2 Release by ERα/GPR30
Blockade Is mGluR 1 Independent Some of the signaling pathways recruited by mERs involve activation of mGlurR 1 [25] [26] [27] . To assess potential contributions of mGluR 1 to the modulation of EM2 release via mERα/GPR30, we determined the effect of the highly selective mGluR 1 antagonist YM-298198 (26 nmol) [52] [53] [54] [55] on spinal EM2 release in proestrous and diestrous females. Intrathecal application of YM-298198 did not alter EM2 release during either proestrus (F 2, 12 = 1.23; p = 0.326, n = 7) or diestrus (F 2, 6 = 0.08; p = 0.920, n = 4).
Ovariectomy or Inhibition of Spinal Aromatase Abolishes Enhancement of Spinal EM2 Release following ERα/GPR30 Blockade
Spinal ERs can be activated by locally synthesized estrogens and/or estrogens synthesized in the periphery (e.g. ovaries). To determine whether spinal ER-mediated modulation of EM2 release requires locally synthesized and/or ovarian estrogens, we determined the effect of the intrathecally applied aromatase inhibitor fadrozole (2.5 nmol) or ovariectomy on the modulation of EM2 release by ERα/GPR30. For the latter, female rats were ovariectomized during either proestrus or diestrus, and the effect of ERα/GPR30 blockade was determined 8 days (the equivalent of two full estrous cycles) after ovariectomy. Strikingly, the enhancement of spinal EM2 release by concomitant blockade of ERα and GPR30 was eliminated by either intrathecal fadrozole 1-hour pretreatment (F 2, 6 = 0.84; p = 0.477, n = 4) or ovariectomy (F 2, 10 = 1.01; p = 0.399, n = 6; fig. 4 ). Spinal EM2 release 30-40 min after ERα/GPR30 blockade did not differ between proestrous females pretreated with intrathecal fadrozole (5.68 ± 1.05 fmol) and ovariectomized females (5.13 ± 0.50 fmol; t 8 = 0.53, p = 0.611). Additionally, effects of ovariectomy were equivalent whether ovaries were removed during proestrus (F 2, 4 = 2.08; p = 0.241, n = 3) or diestrus (F 2, 4 = 0.98; p = 0.452, n = 3). These data demonstrate that both central and peripheral estrogens are required for the modulation of spinal EM2 release via spinal ERs. 
Discussion
In this study, the negative estrogenic regulation of spinal EM2 release is reflected by the enhancement of EM2 release following blockade of spinal mERs. Our findings demonstrate that this regulation is dynamic, fluctuating in magnitude over the estrous cycle. Specific findings include: (1) spinal mERα and GPR30 act in a cooperative fashion to negatively modulate spinal EM2 release; (2) the magnitude of disinhibition of EM2 release following ERα/GPR30 blockade varies across the estrous cycle; (3) modulation of spinal EM2 release via ERα and GPR30 is sexually dimorphic (it is not observed in males); (4) spinal ERα and GPR30 are present in a common complex; (5) regulation of spinal EM2 release via mERs requires both peripherally and spinally synthesized estrogens. It remains to be determined whether spinal mERβ also acts cooperatively with other mERs to regulate spinal EM2 release.
Estrogens Suppress EM2 Release via mERs
The cycle-dependent enhancement (disinhibition) of EM2 release produced by blockade of ERα/GPR30 indicates that under physiological conditions, estrogens tonically suppress EM2 release in proestrous and diestrous females. The rapid onset (30-40 min) of this enhancement is consistent with mediation via ERs in the plasma membrane [56] [57] [58] [59] . Previous studies have demonstrated analogous rapid regulation of antinociceptive signaling by mERs. For example, estrogenic suppression of pronociceptive calcium currents in DRG neurons is reversed within 5 min of ER blockade [21] , and KOR-dependent spinal morphine antinociception in proestrous females is eliminated within 15 min of spinal ER blockade [22] . In contrast, estrogenic signaling via nuclear receptors requires hours to days for effects to be manifest. For instance, administration of exogenous E 2 to ovariectomized female rats increases KOR gene expression after 48 h [60] , and ovariectomy induces mechanical and thermal hyperalgesia in females after 28 days [61] . Some immediateearly genes, including those regulated by nuclear ERs, are transcribed within 20 min [62] [63] [64] . However, it is highly unlikely that the effects of spinal ER blockade on EM2 release involve immediate-early transcription because transcriptional effects require additional time for trans gene activation and protein synthesis. Furthermore, if the effects of ER blockade were genomic, ER antagonists would be expected to block transcription (not activate it). This would require depletion of existing protein pools, not likely to be manifest in the 30-40 min within which spinal EM2 release was enhanced. Importantly, modulation of spinal EM2 release by mERα/GPR30 does not preclude contributions from nuclear ERs, particularly since there is considerable cross-talk and convergence between mERs and nuclear ERs (e.g. mER-activated signaling cascades can potentiate nuclear transcription, thus impacting sustained effects of estrogens as well as their nongenomic actions) [65, 66] . [76] [77] [78] [79] . Importantly, receptor and modulator functionalities are not mutually exclusive; GPR30 function appears to be dependent on cellular context and the specific agonist used [50] .
mERα and GPR30 Operate in Tandem to
In the current study, individual blockade of ERα and GPR30 did not alter EM2 release, but their combined blockade did. This indicates that both mERα and GPR30 act in concert to suppress spinal EM2 release. The present demonstration of cooperative signaling by mERα and GPR30 is consistent with earlier reports of their co-expression by neurons of the spinal dorsal horn [22] and their cooperative effects on gene transcription [48] and formation of spinal MOR/KOR heterodimers [22] . In these reports, ERα and GPR30 functioned interdependently.
The requirement for concomitant blockade of GPR30 and ERα suggests that their contributions to clamping spinal EM2 release result from neither their interdependent actions nor the modulation of ERα by GPR30. Instead, GPR30 and ERα appear to act in parallel to independently negatively modulate spinal EM2 release, each one being sufficient to mediate the observed clamp on EM2 utilization. This redundancy would ensure reliability of fine-tuning spinal EM2 synaptic activity. The presence of both GPR30 and ERα in the same complex ( fig. 3 ) could provide a cellular/molecular context for ensuring optimal parallel estrogenic regulation of EM2 release.
mGluR 1 Independence of EM2 Suppression
Certain mER signal transduction cascades require activation of mGluRs, which are functionally coupled to mERs within caveolae [25, 26] . For example, activation of sexual receptivity and lordosis behavior in female rats via mERα is mGluR 1 dependent [80] . Additionally, in cultured hippocampal neurons, activation of mERα recruits mGluR 1 , leading to phosphorylation of CREB by MAPkinase within 5 min [27] . These functional interactions between mERα and mGluR 1 led us to hypothesize that suppression of EM2 release via mERα and GPR30 might be mGluR 1 dependent as well. However, unlike ERα/ GPR30 blockade, mGluR 1 blockade failed to enhance spinal EM2 release. Notably, this does not preclude the possible relevance of other mGluRs to mER-mediated antinociceptive mechanisms. For example, estrogenic suppression of pronociceptive calcium currents in DRG neurons via mERs requires activation of mGluR 2 and mGluR 3 [81] .
Estrogenic Suppression of EM2 Release Is Estrous Cycle Dependent
The magnitude of enhanced EM2 release following spinal ERα/GPR30 blockade (reflecting the magnitude of ongoing mER-mediated suppression of EM2 release) was greater during proestrus than diestrus and not observable during estrus (or in males). This dependence on stage of estrous cycle suggests a correlation with the ebb and flow of circulating levels of E 2 , which are highest in proestrous females (146.8-367 p M ), intermediate in diestrous females (up to 135.8 p M ), and lowest in estrous females (as low as 18.40 p M ) and males (<18.35 p M ) [10, [12] [13] [14] [15] . This, along with the negative correlation between the magnitude of basal EM2 release and circulating E 2 levels (i.e. basal EM2 release is highest during estrus, when circulating E 2 is lowest), suggests that spinal estrogenic activity acts as a physiological clamp to suppress EM2 release. (Differences in basal spinal EM2 release between proestrus and diestrus, expected to be smaller than differences between proestrus/diestrus and estrus, were likely obscured by between-subject variations in EM2 release.) Nonestrogenic contributions to the regulation of spinal EM2 release, however, cannot be ruled out since the secretion of ovarian factors in addition to estrogens (e.g. progesterone, inhibin) also varies across the estrous cycle.
The relationship between sex/estrous stage and nociception is exceedingly complex, varying with species/ strain, nature of the painful stimulus, location of pain, method of measurement, and the interactions among these variables [16, 82] . In rats, sensitivity to colorectal distension is higher in proestrus than diestrus [83] , but sensitivity to ureteral pain is higher in diestrus than proestrus [84] . Additionally, the relationship between estrous cycle stage and analgesic effectiveness of morphine varies with its route of administration. For example, in rats, subcutaneous morphine produces greater analgesia during proestrus/diestrus than estrus when measured via tail flick [85] or hotplate [86] , but morphine administered intracerebroventricularly elicits comparable analgesia across all estrous cycle stages when measured via tail flick or shock-jump [87] . The variable dependence on stage of estrous cycle among different antinociceptive systems could indicate that analgesic mechanisms differ in their sensitivity to estrogens and/or that spinal estrogenic activity is not only compartmentalized but also asynchronously regulated.
Estrogenic Suppression of EM2 Release Is Sexually Dimorphic
A female-specific mechanism for suppressing spinal EM2 release is consistent with a range of findings demonstrating the relative inability of females to harness MOR-coupled antinociception. For example, many MOR-preferring agonists produce more powerful analgesia and greater CNS activation in males than females [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , and basal/K + -evoked spinal EM2 release is greater in males than females in vitro [44] . Furthermore, the inference that peripheral levels of estrogens influence the magnitude of ongoing suppression of spinal EM2 release is consonant with these findings and with the absence of any effect of spinal ERα/GPR30 blockade on EM2 release in males (where circulating levels of estrogens are substantially lower than in females) [10, 11] .
The Female-Specific Plasticity of Estrogenic Regulation Coordinates Spinal EM2 Utilization with Physiological Demand
Fluctuating estrogenic suppression of spinal EM2 release directly parallels the estrogen-dependent formation of MOR/KOR heterodimers, which is also greater in proestrus than diestrus [22, 88] . Monomeric spinal KOR subserves pronociceptive functions [for review, see 89 ] without producing detectable spinal antinociception [88, [90] [91] [92] [93] . In contrast, activation of KOR (concomitant with MOR) within the MOR/KOR heterodimer unveils antinociceptive attributes of KOR. Therefore, during diestrus, when expression of MOR/ KOR ebbs, the pronociceptive functions of spinal KOR are likely to prevail, while during proestrus, the pronociceptive functions of KOR are diminished by the increased formation of MOR/KOR. Consequently, the activation of MOR (by endomorphins) required to counterbalance the activation of KOR (by dynorphins) should be relatively high in diestrus versus proestrus, providing a physiological rationale for our observation that estrogenic suppression of spinal EM2 release is highest during proestrus and greatly reduced during diestrus. The inverse modulation by estrogens of spinal EM2 release and MOR/KOR formation [22] provides a mechanism for coordinating spinal EM2 utilization with physiological demand.
Perturbation of Cycle-Dependent Opioid Antinociceptive Mechanisms May Predispose Women to Chronic Pain Syndromes
Although the disinhibition of spinal EM2 release produced by ERα/GPR30 blockade was sexually dimorphic, basal EM2 release did not differ between the sexes. This suggests that tonic spinal endomorphic tone is unlikely to account for sex differences in the severity and frequency of pain syndromes. However, the variable estrogenic suppression of spinal EM2 release could account, in part, for changes in pain sensitivity observed across the estrous cycle in rats [4] and the menstrual cycle in women [3] . Moreover, malfunctions in the coordination of spinal MOR/KOR heterodimer formation with estrogenic suppression of EM2 release could be biological factors that predispose women to develop chronic pain syndromes.
Spinal EM2 Suppression Requires both Peripheral and Central Estrogens
Both ovariectomy and inhibition of spinal aromatase, individually, eliminated mER suppression of EM2 release in females, suggesting that the estrogenic regulation of spinal EM2 release requires cooperative action of both peripheral and central estrogens. The involvement of an ovarian factor is also supported by the apparent relationship between estrous cycle stage and the magnitude of suppression of EM2 release. Previous studies have demonstrated roles for either peripheral or central estrogens in regulating pain physiology. For example, in rats, ovariectomy decreases sensitivity to formalin-induced pain [94] ; inhibition of spinal aromatase decreases pain sensitivity in both male and female quails [18] ; and in proestrous female rats, inhibition of spinal aromatase reduces MOR/KOR dimerization and eliminates the KOR dependency of morphine antinociception [22] . Interestingly, the present study identifies a mechanism that relies on both peripheral and central estrogens, implicating a possible interaction between these two pools of estrogens.
The functional relationship between central and peripheral estrogens remains largely unexplored and has been the subject of much speculation [95] . Peripheral estrogens, which reach the CNS by penetrating the blood-brain barrier and diffusing from cerebrospinal fluid into extracellular fluid [96] , could act directly on spinal mERs to suppress EM2 release. In parallel, central estrogens are synthesized by spinal aromatase near synaptic structures, and could also activate nearby mERs [18, 19, [97] [98] [99] . It is possible that a critical threshold of estrogens is essential for spinal mER suppression of EM2 release, which could be achieved by the summation of peripheral and central estrogens. However, such a threshold would produce 'all-or-none' EM2 suppression, and would not be consistent with the graded magnitude of mER inhibition of EM2 release that is manifest over the estrous cycle. Accordingly, it is more likely that peripheral and central estrogens act synergistically to modulate spinal EM2 utilization. The mechanism(s) underlying putative synergistic interactions between centrally and peripherally synthesized estrogens are not known. Given indications that diffusion of centrally synthesized estrogens is highly spatially restricted [95, [100] [101] [102] [103] , it is possible that CNS-and ovarian-derived estrogens activate different populations of spinal ERs that are functionally convergent. Current findings support the imperative to investigate points of convergence (in the CNS) of the actions of centrally and peripherally derived estrogens.
Synergistic interactions in the CNS between central and peripheral estrogens likely involve their coordinated synthesis. The synthesis of peripheral estrogens requires the activity of ovarian aromatase, which is synchronized with the estrous cycle, being (slowly) regulated by the pituitary gonadotropins luteinizing hormone and folliclestimulating hormone [17] . CNS aromatase activity, in contrast, is regulated both slowly (hours to days) by sex steroids [104] [105] [106] and rapidly (within minutes) by a variety of local factors including intracellular calcium concentration, glutamate receptor activity, and phosphorylation by protein kinases A and C [107] [108] [109] [110] . Points of intersection among the pathways regulating peripheral versus central aromatase activity remain to be elucidated.
The mechanisms underlying the cooperative actions of central and peripheral estrogens to suppress spinal EM2 release could represent novel pharmacological targets for relief of pain in women, enabling improved utili-zation of endogenous EM2. The pliability of EM2 utilization, strikingly absent in male rats, may contribute to women's elevated risk of developing chronic pain conditions while also providing an opportunity for therapeutic intervention.
